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Neutron diffraction in FEAl) reveals incommensurate spin density waf@®Ws in alloys known

to be spin glasses. The wave vectors for crystals @B4#&l), F40Al) and Fé43Al) shown

varying from 11 to 6 fog=2m(h* 1/n,k=1/n,1=1/n)/a,, where f,k,I) anda, characterize the

parent bcc lattice of the CsCl structure. The magnetic reflections are present far above the spin-glass
freezing temperatures. These SDWs keep the spins on nearest-neighbor Fe atoms close to parallel,
in contrast with SDWSs in Cr, which keep nearest-neighbor spins close to antiparallel. The
competition between near-neighbor Fe—Fe ferromagnetism and 180° superexchange through the Al
site has been used to explain the spin-glass behavior, but the appearance of the SDWs calls for a
more fundamental source of the periodicity. The phase shift mechanism for SDW interactions with
magnetic moments is invoked to explain the breadth of the peaks, which resemble the results for
Cu(Mn), PdMn), and PdCr). The data are interpreted using cubic symmetry, but it has yet to be
established whether the wave vectors all occur in a single domain or whether there are multiple
domains. There are 48 wave vectors of magnitude almost equal {btflevave vectors of the bcc

lattice, which could stabilize the SDWs by spanning the Fermi surface. These unanticipated results
should have pervasive ramifications for the theory of metallic magnetisi20@ American
Institute of Physics.[DOI: 10.1063/1.1667415

I. INTRODUCTION incommensurate spin density wa&DWSs in Fe—Al alloys
) o . with aluminum concentrations between 32% and 50% may
The iron—aluminides serve as a testing ground for theprovide the impetus to those who would go beyond the

inadequacies of the local spin density approxmaﬂanSDAto describe the exchange energy as the nonlocal inter-
(LSDA), as well as the attempts to make up for these using o1 that it is

the generalized gradient approximatidrfsLSDA has some . . .
serious problems in trying to account for such basic prob- The diffraction results, taken to date from the National
lems as the ground state of chromitthand iron®~’ It seems Institute of Standards and Technology Center for Neutron

likely that this is related to systems that do not have well-R€search, leave many unanswered questions, some as basic
defined local magnetic momeritd. Whether iron— @sthe symmetry of the magnetic structure. Figure 1 shows an
aluminides have moments that exhibit a local thermodyjntensity contour plot of two SDW satellites observed around
namic spin degree of freedom is an open question. It ighe origin in F€43Al) at 1.5 K. The(smal) difference in
possible that our recent discovéhpy neutron diffraction of  intensity may be due merely to sample and diffraction geom-
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_-_m_ The cluster region was postulated by Okam¢gee Ref. 18based on his
400 high temperature susceptibility measurements for the alloys for which points
-0.2 800 are shown. The freezing temperatures are taken from the work of Shull,
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I 1200 28). A quadratic dependence on the number of Fe atoms on the Al simple
cubic lattice complex was assumed to give the upper-limit temperature of
) the cluster region.
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FIG. 1. (Color Contour plots of the diffraction intensity near the origin for a= a_o h+—, kiﬁ i iﬁ) ) 1)

Fe(43Al) at 1.5 K, showing an incommensurate structure an,¥,

*1/n) for n=6. wheren varies continuously with concentration of Ad, is
the lattice parameter andhk,|) refer to the underlying bcc

lattice of these alloys with the B€sC)) structure. The way

etry. Similar satellites have been observed around the origifl€ d vectors are expressed in E(l) could imply cubic
(110 and(002) positions, but not aroungd01) or (111). The ~ Symmetry with eight reciprocal lattice vectors about each of
results can be described as arising from a set of magnetf@e lattice reflections of the pal’ent bcc lattice. This is shown
reﬂections in reciprocai |attice Space given by in F|g 2. But th|S may not be the case. W|th the application

of fields or strains the intensity of the eight spots might be-

come unequal, indicating a domain structure with diffeignt

vectors being favored in each domain.

® ® The B2 structure of the iron—aluminides in this compo-
sition range is composed of two lattice complexes, each of

which is simple cubic. Nearest neighbors of one simple cubic
lattice complex are all on the other simple cubic lattice com-
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10 ﬂ} {H:,T 67 _“ﬂ FIG. 4. (Color) Magnetization patterns with cubic symmetry fay Fe;Al,

and(b) Fe,Al;. The green and red atoms are(lFesites with opposite spin
directions. The gold atoms are Al. The gray atoms sit in positions of mag-
FIG. 2. (Colon) Reciprocal space positions of SDW satellites observed inpetic frustration. In(@) these are F&) and in(b) they are Al. The first three
Fe—Al alloys. The gray area aroung,§,3) indicates weak temperature- layers of the 128 atom cubic unit cells are shown in perspective. Tt Fe
independent R\l structural correlations on a fcc lattice corresponding to sites in(a) are fixed at%%%, but in (b) the position is adjustable along the
FeAl;. diagonal.
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plex. These are labelgt) and(ll), where(ll) is occupied by  neighbor antiferromagnetic coupling through an Al atom has
only Fe atoms, whilél) has random occupation of Fe and Al a firm theoretical basis. The superexchange interaction ap-
atoms. For stoichiometric FeAl, the occupancy of the twopears in cluster calculations of Reddyal!®
sites is exclusive, except for effects of defects and the occur- The model of Grest would apply to the hypothetical or-
rence of vacancies. Away from stoichiometry there is a tendered structure RAl-,2° shown in Fig. 4. The symmetry of
dency of the random occupation not to be completely ranFeAl- differs from that of FgAl in that the position of the
dom. This leads to the formation of the DO3 structureFe(ll) atoms is restrained to coordinatgs, 3 in Fe;Al but
associated with RAl for concentrations of Al below 30 not in FgAl;. This allows the volume per Fe atom to be
at. %. For the DOS3 structure, there are four interpenetratingariable even with fixed lattice constant. Thus the moment of
face-centered-cubic lattice complexes. At the stoichiometri¢the Fe atom could change with the coordinates of its posi-
composition of FgAl, one of these has all the aluminum, tion. This is important to remember in thinking about the B2
one has F¢) atoms with only Fe nearest neighbors and twostructure with its random positions of fegatoms influenc-
have Féll) atoms with equal numbers of Fe and Al neigh- ing the volume and moments of the(R¢ atoms. The mag-
bors. It has long been speculated that the moment on the Fetic structure of FgAl; could be that of Eq(l) with n
atom depends on the local environment. Indeed early neutror 8, as shown in Ref. 10. The existence of some local anti-
diffraction results on FgAl ascribe 2.2ug to the Fé¢l) atoms  ferromagnetic interaction is a prerequisite for obtaining spin-
that are surrounded by Fb atoms and only 1.5 to the glass behavior. That this occurs when Fe atoms interact
Fe(ll) atoms'! From measurements of the saturation magnethrough Al atoms even in such a dilute magnetic system as
tization and from Mssbauer studies, it has been possible td=eAL*"illustrates the importance of exchange through the Al
numerologically assign various moments to variousatoms. One might wonder if the competition between the
configurations>*3The fact that iron—aluminides can be dis- ferromagnetic interactions of nearest-neighbor Fe atoms and
ordered by mechanical means to obtain ferromagnetic maté80° superexchange across the body diagonal would be suf-
rials emphasizes the effect of environment on the locaficient to account for the neutron diffraction observations in
moment* We report below the results of applying high the B2 structure with its disorder on the Al simple cubic
fields to an FE&4Al) alloy, which may be interpreted as lattice complex, or is it necessary to invoke an Overhauser
showing a field-induced moment. instability in the electron gas of the conduction electféns

The local moment questions are important to the underexplain the results? It is this latter question that pertains to
standing of the incommensurate spin density waves seen #€ current interests in the application of LSDA to the me-
the iron—aluminides. Does the molecular field, arising fromtallic magnetism in the first transition series.
the spin density wave, act to align moments, does it induce This work is made possible by substantial improvements
the moments, or is it a mixture? in the metallurgy of iron aluminides. The polycrystalline

Grest® pointed out in 1980 that R&l would give the ~ Samples of FIOAl) are extremely homogeneous alloys de-
cubic structure in reciprocal lattice space of Eg). with n veloped for commercial appllcanns starting from fme pow-
=4, if magnetic interactions were dominated by the 180°ders created by gas quenching from the molten §?a$mgle
superexchange between(Fg atoms on diagonally opposite cry;tals of iron aluminides were prepargd for dgtalled 'metal-
corners of a bee unit cell through the Al atom at the center ofurgical studies of the magnetic decoration of dislocatiths.
the cell. But FgAl is ferromagnetic because the 180° super-
excha.nge is not sufficiently strong. Such_ an mteracﬂon ha(iil_ DETAILS OF THE NEUTRON DIFERACTION
been invoked by Sato and Arrtfttto explain their resulté RESULTS
for the magic composition F80.5Al), where the material
goes from paramagnetic at high temperatures to ferromag- The first thing to note about the neutron diffraction re-
netic at intermediate temperatures and then back to paramagplts is that this is not Cr. In bcc Cr the spins on the cube
netic (or superparamagnetic, or mictomagngtat lower corners are aligned oppositely to those on the cube centers.
temperatures and then to some antiferromagnetic-like orderhe structure is generated by a wave vector that is not quite
at the lowest temperatures. The model of Sato and Arrott wa§l00) 27/a,, leading to a modulation of the structure with
presented before the subject of spin glasses was developgde moments on the corners and centers reversing over a
They predicted ordinary antiferromagnetism at low temperadistance of the order of 14 cubic cells. In the iron—
tures, but this was not observed by neutron diffraction. aluminides the spins on the cube corners are aligned parallel
Subsequently the results of magnetic measurements on irorte those on the cube centers. The structure is generated by
aluminides have been interpreted as showing spin glass besave vectors that are not quité10 (Fig. 2) leading to a
havior at low temperature in addition to some interestingmodulation of the ferromagnetism: the moments on the cor-
micromagnetic cluster effects at temperatures for which ferners and centers reversing over a distance of the order of
romagnetism might have been expected on the basis of thaubic cells, wheren is the number in Eq(1). Cr is a varia-
results for lower concentratiod$ All this is reflected in the tion on antiferromagnetism. The iron—aluminides are varia-
speculative diagram shown in Fig. 3 using the results otions on ferromagnetism. Unlike Cr, the magnetic reflections
Okamotd® who first suggested the cluster region from analy-are not sharp; see Fig 5. This can result from the appearance
sis of high temperature susceptibility. The reentrant behavioof a very fine domain structure or it can be due to a gradual
at 30.5 at. % Al has yet to be explained. The competitionreadjustment of the phase of the spin density wave to take
between near-neighbor ferromagnetic coupling and thirdinto account the local arrangement of Fe atoms. The latter is
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1 f 1 f f counts above background. If the model is correct, it implies the existence of
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0140 | 4 -
w * .
c
% 0135 | + 4 ! | freezing temperature by going to extremely tight 0.006 meV
g resolution. The energy resolution of our experiments is 1
[u] . . . .
9 * meV, or 0.25 THz. This implies that we are observing slowly
® 0130 ¢ moving “spin density wave clouds” as suggested by Hicks
and Cablé to describe not only Givin) but also P¢Mn)

0-1250 2‘0 4‘0 6‘0 8'0 1(‘)0 and PdCr). To provide a view on a longer time scale, we
used muon spin relaxation measurements. The muon work
Temperature (K) . . . .
that provided the impetus to look once again by neutrons is
FIG. 5. Temperature dependence of 48Al) properties:(a) the integrated ~ described below.
peak intensity for the (¥ 8,1— 8, 6) reflection extracted from the difference

between radial scans at the temperatures shown and a scan at @b K
zero is thus not absolute(b) the half width at half maximum for the peak, IIl. HIGH FIELD MAGNETIC SUSCEPTIBILITY

(c) the mean ve_llue ob (=1/n). The temperature_ depende_nce_ of the muon The magnetization of the E4AI) crystal has been mea-
;g:aé(;tr']%grrizgen.m the homogeneous polycrystalline material is showa in sured from 300d 5 K in fields to 5 T. The results are shown
in Fig. 7. The magnetization in 5 T is weakly temperature
dependent as shown at the top of Fig. 7. The field depen-

called the phase-shift mechanism, used to explain magneti-
zation results in single crystals of @dn) alloys2>2® T (K
From the polycrystalline RdO0Al) diffraction data, we 0 60 120 ) 180 240 300
can put a lower bound on the moment per atom if we take as 25 ' ' ' '
a model the extreme case of a singlstate with a transverse (emu) %o 0"
helical SDW. This yields a moment of 0.26; per atom if 20 P PN
every atom(Fe and A) were to carry the same moment. The s
decrease in moment with increasing Al, seen in the single e _-
crystals, has yet to be quantified. 15 L 5 i
Like the spin density waves in Qun) alloys?” the tem- o' 5K P ROPEE L
perature dependence shown in Figs. 5 and 6 appears to be o s
more gradual than that expected from an antiferromagnetic 10F /7 oKk o-="
transition at the “spin-glass temperature,” where there is a P
pronounced maximum in the Fd) ac susceptibility?2® ¢ 0.
These results were interpreted in Ref. 10 by having the mo-
ments respond to a temperature independent applied field P
with the periodicity of Eq(1), plus a self-interaction term. In 0 # ,
the analysis of Fig. 6, we assume only the periodic applied 0 1 2 H M 3 4 5
field. The spin freezing is at low temperature relative to any
onset of the SDW, which causes the periodic applied fieltFiG. 7. The magnetization of the @aAl) crystal from 3000 5 K in fields
that clearly persists well above 100 K in our data. Although,coming down from 5 T(upper curve for each of the two temperatures
in our experiments, there is no indication of the spin-glaséﬂow’)' The magnetization in 5 T is weakly temperature dependent as
. . own at the top. An analysis yields a saturating compotiewer curve$
freezing temperature, in the work of Gotaas, Rhyne an(ind a component that remains linear with field to at least 5 T at each
Wernef’ on CuMn), they were able to see the spin-glasstemperature.

M oo....oooso_l_oooo......T .-
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dence can be analyzed to yield a saturating component andfi@quency, generating “spontaneous oscillation” in the ZF
component that remains linear with field to at least 5 T. Al-asymmetry spectra. This is what happens in pure iron. For
most all of the weak temperature dependence is in the obseprogressively more complicated or disordered magnetic
vation that the saturating component at 5 K saturates at hafftates, or with fluctuations, sharp frequencies broaden into
the field as the saturating component at 300 K. The magneaverage frequencies with “linewidths” generating relaxation:
tization & 5 K shows a remanence on reducing the field fromthe oscillations develop an envelope that relaxes to zero size.
5 T. The hysteresis loop closes gradually as the field is rel the disorder and fluctuations become large enough, all di-
versed to—5 T. This reflects some of the spin-glass proper-rect evidence of coherent oscillation is lost, and the asymme-
ties of this material, but it is clear that the main cluster phe-try spectrum only shows monotonic relaxation to zero. If this
nomena are present at 300 K and above as suggested klaxation is significantly faster than in the paramagnetic
Okamoto'® The peak in the temperature dependence of thetate, then it still provides information quisorderedl mag-
the ac susceptibility, which denotes the onset of spin-glasgetic freezing. We do not see spontaneous oscillations in ZF-
freezing below 35 K, is a minor effect on the scale of theSR from Fé40Al), but we do see increased relaxation at
changes in magnetization with field and temperature. Théower temperatures.
large linear term in the susceptibility suggests field-induced  The relaxation rate begins to rise as temperature drops
moments. below 60 K, and the shape of the relaxation function changes
gradually. From 45 down to 10 Kthe lowest temperature
measurej] the relaxation can be fit as the sum of two expo-
nentials, with the faster exponential increasing in amplitude
Muon spin relaxatior(uSR) is a local probe of intersti- at the expense of the slower exponential as temperature de-
tial hyperfine fields in materials. In it, polarized positive creases. This is consistent with an inhomogeneous freezing
muons produced at an accelerator laboratory are stopped Rocess, often seen ipSR of concentrated-moment spin
the sample of interest. Each muon’s magnetic moment preglasses. The fractional amplitude of the faster-relaxing signal
cesses around the local field at the muon site during eachdicates the fractional volume of the sample that is in the
muon’s lifetime there, and then the moment direction at thdrozen state; for R&OAI) this rises from near zero above 45
instant of decay is signaled by the direction of motion of theK to 100% at 20 K. Meanwhile the relaxation rate of the
decay positror(a parity-violating decayr,=2.2 us). Fast faster exponential signal rises dramatically as temperature is
electronics measure the time between each muon’s arrivéduced, as shown in the upper panel of Fig. 5. This rate is so
and the departure of its decay positron, and large numbers ¢drge at 20 K and below that much of the initial muon en-
decay-time and positron-direction “events” are tabulated. Insemble polarization is lost in the histogram initial dead time
zero applied fieldZF), these are collected into two histo- (about 10 ng This also is often seen iaSR of concentrated
grams: events “forward” and “backward{with respect to spin glasses: it indicates significant frozen moméatdeast
the initial polarization as a function of time, over several several tenths of a Bohr magneton pej.Hée loss of initial
muon lifetimes. The muon ensemble polarization as a funcrelaxation in the dead time means that the true shape of the
tion of time is proportional to the directional asymmetry in static-limit relaxation function at low temperatures cannot be
the events, which is extracted as the difference between thgeen in this sample. We hope to be able to see itSR of
histograms divided by their surtafter some instrumental samples closer to 50% Al concentration.
correction$. For reviews, see Refs. 30 and 31. It is interesting that the temperature dependence of the
ZF-uSR was measured at the Paul Scherrer Institute imuon spin relaxation bears little resemblance to the tempera-
part of the polycrystalline Rd0AIl) sample for which neu- ture dependence of the neutron diffraction from the same
tron scattering was reported in Ref. 10. The muon spin resample. In neutron diffraction, the intensity of the low-angle
laxation function was exponential with relaxation rate nearSDW peak begins to rise as temperature drops below
0.34us ! at 60 K and higher temperatures. Such exponen—~110 K, and is rising most rapidly near 50 K, the range
tial relaxation is usually indicative of a rapidly fluctuating where theuSR signal just begins to have temperature depen-
local field at each muon site. Since muons are unlikely to b&lence. The difference is due to the different frequency ranges
diffusing in this temperature range in a random-alloy mate-of the two probes’ sensitivity to dynamics. Neutron scatter-
rial such as this, the fluctuating local field is most likely dueing detects vibrations in THz, whilgSR detects fluctuations
to coupling to fluctuating atomic spins. Since there is noin the range of MHz to GHz. With typical neutron spectrom-
significant variation with temperature above 60 K, this mayeters, such as the diffractometer used fot4Bal), vibra-
be the “paramagnetic limit,” where the moment fluctuation tions and fluctuations at less than a few tenths of a THz
rate has reached the maximum value allowed by the exeontribute to the “quasi-elastic” peak, and are not resolved
change coupling in the material. from the elastiqstatic scatterg@rpeak. Thus, while neutron-
When material with a simple crystal structure enters astatic SDW ordering begins to increase as temperature drops
simple long-range magnetic-ordering structure, the orderingpelow 110 K in this sample, th@SR results indicate the
will normally generate a unique magnetic field magnitude, omagnetic moments are still fluctuating at rates at least in the
a small number of distinct field values, at the muon sitehigh GHz range until temperatures get below 60 K. The
slowly fluctuating relative to any paramagnetic electronicmuon spin relaxation remains typical of dynamic local fields
fields coupled to the muon in the paramagnetic state. In thdown to 20 K, but there is indication in the small resolved
static, unique-field limit, all muons will precess at the samesignal at 10 K that the fields at that temperature are at last

IV. MUON SPIN RELAXATION
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